Abstract Plasma glutathione peroxidase (GPx-3) is a selenocysteine-containing extracellular antioxidant protein that catalyzes the reduction of hydrogen peroxide and lipid hydroperoxides. Selenoprotein expression involves the alternate recognition of a UGA codon as a selenocysteine codon and requires signals in the 3 0 -untranslated region (UTR), including a selenocysteine insertion sequence (SECIS), as well as specific translational cofactors. To ascertain regulatory determinants of GPx-3 expression and function, we generated recombinant GPx-3 (rGPX-3) constructs with various 3 0 -UTR, as well as a Sec73Cys mutant. In transfected Cos7 cells, the Sec73Cys mutant was expressed at higher levels than the wild type rGPx-3, although the wild type rGPx-3 had higher specific activity, similar to plasma purified GPx-3. A 3 0 -UTR with only the SECIS was insufficient for wild type rGPx-3 protein expression. Selenocompound supplementation and cotransfection with SECIS binding protein 2 increased wild type rGPx-3 expression. These results demonstrate the importance of translational mechanisms in GPx-3 expression.
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Introduction
Glutathione peroxidases (GPx) comprise a family of enzymes that scavenge peroxides. Eight known isoforms exist [1] , (www.expasy.org); however, only five isoforms [1, 2] contain selenocysteine and are capable of catalyzing the reduction of hydrogen peroxide and lipid hydroperoxides using glutathione (GSH) as a reducing cofactor. Of these, plasma glutathione peroxidase (GPx-3) is the only known selenocysteinecontaining extracellular antioxidant isoform; GPx-5 is extracellular, but does not contain a selenocysteine [3] . The human GPx-3 gene is *10 kb in length spanning five exons on chromosome 5q32 with the first exon coding This work was submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy at Boston University School of Medicine for Filomena G. Ottaviano. for the signal peptide and the second exon containing the selenocysteine (Sec) codon (UGA) [4] . GPx-3 mRNA expression is tissue-specific; it has been detected in the heart, lung, gastrointestinal tract, liver, brain, kidney, adipose tissue, breast, and placenta [5] [6] [7] [8] [9] [10] , and is translated into a secreted protein found in extracellular fluids, such as ascitic fluid in rats, epithelial lining fluid, alveolar fluid, plasma, milk, and aqueous humor [5, [11] [12] [13] [14] . The kidney has the greatest level of GPx-3 mRNA expression, which is specifically localized to the epithelial cell of the proximal tubule [14, 15] . The kidney was also demonstrated to be the main source of GPx-3 in plasma, as anephric patients show significantly lower levels of plasma GPx-3 activity compared to healthy controls [16] , and plasma GPx-3 activity correlates with the adequacy of renal function.
As a secreted protein, GPx-3 is proposed to be a major scavenger of reactive oxygen species (ROS) in the extracellular space and within the vasculature [17] preserving nitric oxide (NO) bioavailability and promoting an antithrombotic environment. Our group previously showed that a deficiency of GPx-3 leads to enhanced platelet activation and an increased risk of thrombotic stroke [18, 19] . In addition, we identified a promoter haplotype that decreases GPx-3 transcriptional activity and gene expression and, in genetic studies, this haplotype correlates with an increased stroke risk in children and young adults [20] , further supporting a role for GPx-3 in maintaining vascular homeostasis. GPx-3 has also been suggested to play a role in preventing plasma LDL oxidation, vascular inflammation, and atherogenesis [21] .
The regulation of GPx-3 expression is thought to occur at the transcriptional, translational, and, perhaps, posttranslational levels, although studies have been limited compared with other selenoproteins. Regulation of GPx-3 expression has been shown for hypoxia [22] at the transcriptional level [9] , and for selenium and oxidative stress at the transcriptional and translational levels [22, 23] . In general, selenoprotein expression is known to be regulated by selenium, which is incorporated into the protein as selenocysteine (Sec). Several cis-acting elements, such as a UGA codon (coding for Sec) and the selenocysteine insertion sequence (SECIS), and trans-acting elements, such as a Sec-elongation factor (eEFSec), SECIS binding protein 2 (SBP2), and selenocysteine-specific tRNA (tRNA sec ) [24] , are important for incorporation of Sec in the polypeptide. The SECIS element is a stem loop structure found in the 3 0 UTR of eukaryotic selenoprotein mRNA that serves to direct Sec incorporation into the growing polypeptide chain [25] . Eukaryotic SECIS binds SBP2 [26] presumably by bringing together cofactors such as tRNA sec , and an elongation factor, eEFsec [27] , on the ribosome for efficient translation of the selenoprotein.
In order to understand in more detail the translational regulation of GPx-3, we generated recombinant human GPx-3 and compared its size, quaternary structure, and activity with those of GPx-3 purified from human plasma. We assessed: (1) the effect of the length of the 3 0 -UTR; (2) the effect of a Sec73Cys mutation; and (3) the roles of selenium, SBP2, eEFsec, and tRNA sec on protein expression. In addition, we examined the relationship between quaternary structure and specific enzymatic activity.
Materials and methods

Cell culture
All cell media, Dulbecco's Phosphate Buffered Saline, and trypsin-EDTA (0.05%) were purchased from Invitrogen, Carlsbad, CA. All cell lines were obtained from ATCC, Manassas, VA. Fetal bovine serum (FBS) was purchased from Mediatech, Herndon, VA, and cells were maintained at 37°C in 95% O 2 and 5% CO 2 . Sodium selenite, seleno-L-methionine, and Se-methylselenocysteine hydrochloride were purchased from Sigma, St. Louis, MO. African green monkey kidney fibroblast (Cos7) cells were grown in Dulbecco's Modified Eagle Medium with 4.5 g/l D-glucose, 4 mM L-glutamine, 110 mg/l sodium pyruvate, and 10% FBS. Human renal proximal tubule (Caki-2) cells were grown in McCoy's 5A medium with L-glutamine, 25 mM HEPES (Gibco), and 10% FBS. Human hepatoma (HepG2) cells were grown in Eagle's Minimum Essential Medium containing non-essential amino acids, sodium pyruvate, and 10% FBS. Unless otherwise specified, all media were supplemented with 10 ng/ml sodium selenite.
Construction of recombinant C-terminal His 6 -tagged GPx-3 (rGPx-3) GPx-3 cDNA was amplified from a GPx-3 cDNA [22] using primers, GPx-3 cDNA NheI Forward, containing a Nhe I restriction site on the 5 0 end of the GPx-3 cDNA, and GPx-3 cDNA XhoI Reverse, containing a Xho I restriction site on the 3 0 end of the GPx-3 cDNA (Table 1) ; the Nhe I/ Xho I fragment was inserted into the pcDNA 4/V5 His C vector upstream of the V5/His-tag where expression of rGPx-3 is driven by a CMV promoter. A C-terminal Histag vector was chosen to avoid the possibility of loss of an N-terminal His-tag during cleavage of N-terminal signal sequences in the secreted protein.
To insert the SECIS element, the 3 0 -UTR was amplified using various primers containing a Pme I restriction site inserted downstream of the V5/His-tag of the construct described above. The full length 3 0 -UTR was amplified as a fragment *800 bp in length. In addition, fragments were amplified that contained the SECIS and the 3 0 -terminal 500 bp of the 3 0 -UTR; and another fragment containing only the SECIS element, *100 bp in length, was also amplified. The final constructs are denoted by the size of the 3 0 -UTR as p800 WT (rGPx-3 WT), p500, and p100, respectively. pcDNA 4/V5 LacZ and pcDNA 4/V5 empty vectors were also used as controls. All constructs were confirmed by sequencing (Dana-Farber/Harvard Cancer Center DNA Resource Core). All plasmids and restriction enzymes were purchased from Invitrogen (Carlsbad, CA), and New England Biolabs (Ipswich, MA), respectively. Primers are listed in Table 1 .
Site directed mutagenesis
Site-directed mutagenesis was performed according to the manufacturer's protocol (Stratagene, La Jolla, CA) using primers, SeCysMut Forward and SeCysMut Reverse (Table 1) , to introduce a Cys in place of a Sec (TGA ? TGT) at position 73 (Sec73Cys) in the p800 construct. This construct is identified as p800 Cys (rGPx-3 Cys).
Transfection of rGPx-3 constructs
Cos7, Caki-2, and HepG2 cells were grown to 70-90% confluence on 100 mm plates, and then transfected according the manufacturer's protocol with Superfect Reagent (Qiagen, Valencia, CA). Both lysate and/or media were examined by Western blot and/or enzyme-linked immunosorbent assay (ELISA), while mRNA from all transiently transfected constructs, selenium supplementation, and cofactor studies were analyzed by quantitative real-time PCR (qRT-PCR).
For selenium supplementation experiments, Cos7 cells were first selenium-starved for 5 days in 0.1% FBS with no supplemental selenium added. After 5 days, sodium selenite, seleno-L-methionine, or Se-methylselenocysteine hydrochloride was added at 0, 29, 58, 145, 289, and 578 nM in 0.1% FBS to p800 WT transiently transfected cells. Lysate and media were collected after 48 h.
For the translational cofactor experiments, cDNAs were transiently transfected at 2.5 lg each along with 15 lg p800 WT rGPx-3 construct. The p800 WT was also transfected with 7.5, 5, and 2.5 lg empty vectors as transfection controls. Both lysate and media were collected after 48 h. Human selenophosphate synthetase D (SelD) [28] (Genebank accession # U34044), Xenopus laevis selenocysteine-specific tRNA (tRNA sec ) [29] (Genebank accession #M34507), and rat (full-length) SECIS-binding protein 2 (SBP2) [30] (Genebank accession # NM_024002) cDNAs were kind gifts from Marla Berry, Dolph Hatfield, and Paul Copeland, respectively.
Stable cell line generation
Cos7 cells were transfected as described above. Stable cell lines were established according to the manufacturer's protocol (Qiagen, Valencia, CA). The cells were plated at several dilutions for selection with 400 lg/ml Zeocin (Invitrogen, Carlsbad, CA), for 1-2 months or until colony formation appeared, and were maintained with 200 lg/ml Zeocin.
Reverse-transcriptase PCR
Endogenous and recombinant GPx-3 mRNA expression was monitored by reverse-transcriptase PCR (RT-PCR). RNA was isolated from 100 mm plates using the RNeasy Mini Kit according to the manufacturer's protocol (Qiagen, Valencia, CA). RNA was quantitated by UV absorbance using a DU 800 spectrophotometer (Beckman Coulter, Fullerton, CA). Approximately 1 lg RNA was used to generate cDNA using the RT-for-PCR kit (Clontech Mountain View, CA). Primers were generated to detect only rGPx-3 transcripts by locating a forward primer, GPx3 His-tag Forward, that binds to the His-tag sequence and a reverse primer, GPx-3 SECIS Reverse, that binds to the SECIS element. Glyceraldehyde-3-phosphate dehydrogenase (G3PDH) was used as an endogenous control. PCR was performed according to the conditions described above using the Titanium Taq PCR Kit according to the manufacturer's protocol (Clontech, Mountain View, CA). Samples were visualized by agarose gel electrophoresis and ethidium bromide staining (American Bioanalytical, Natick, MA).
Quantitative real-time PCR RNA was isolated, quantitated, and cDNA generated as described above. The TaqMan detection system was used to monitor synthesis of recombinant GPx-3. Primers and the TaqMan probe used are listed in Table 1 . Recombinant GPx-3 was normalized to rhesus G3PDH (AB Biosystems, Foster City, CA) as the endogenous control, and values were then compared to those of p800 WT to provide relative levels. Samples were run on a 7900HT Fast Real Time PCR System (AB Biosystems, Foster City, CA).
Purification of rGPx-3 rGPx-3 from transiently and stably transfected Cos7 cell media was purified using His-Gravi Trap immobilized metal ion affinity chromatography columns (IMAC) for large-scale preparations (GE Healthcare, Chalfont St. Giles, UK), while small-scale purification of rGPx-3 from transiently transfected Cos7 cells involved the use of His-Spin Trap columns (GE Healthcare, Chalfont St. Giles, UK) according to the manufacturer's protocols. Binding buffer contained 20 mM sodium phosphate, 500 mM NaCl, and 30 mM imidazole, pH 7.4, and wash buffer contained 20 mM sodium phosphate, 30 mM imidazole, pH 7.4, with 0.5% Tween 20. Protein was eluted with 20 mM sodium phosphate, 500 mM imidazole, pH 7.4, with 0.5% Tween 20. For some experiments, cell lysates were prepared in parallel using RIPA buffer (Sigma, St. Louis, MO). Both cell lysate and media were processed in the presence of inhibitors of aspartic, cysteine, and serine aminopeptidases (Calbiochem, San Diego, CA). Following purification, some samples were concentrated with an YM-10 centrifugal device (Millipore, Billerica, MA). Protein concentrations were quantitated using the DC Protein Assay (Biorad, Hercules, CA).
Purification of human plasma glutathione peroxidase
Human plasma was obtained from Brigham and Women's Hospital Blood Bank with institutional approval. Human GPx-3 was purified from 300 ml plasma according to the method of Maddipati and Marnett [31] with the following modifications. Purification was performed using a FPLC system (GE Healthcare, Chalfont St. Giles, UK). The enzyme was loaded onto a DEAE Sephadex column and eluted with a linear gradient of 0-1 M NaCl in buffer Q (20 mM Tris, 5 mM EDTA, and 1 mM glutathione, pH 8.0). Following gel filtration on a Superdex 200 column, the protein sample was applied to a MonoQ column (GE Healthcare, Chalfont St. Giles, UK) and washed with a 40 ml bed volume of buffer Q. The sample was eluted with a linear gradient of 0-1 M NaCl in buffer Q.
SDS-PAGE and Western blot
Cell media or purified samples were prepared in reducing/ denaturing gel loading buffer containing 250 mM TrisHCl, pH 6.8, 8% sodium dodecyl sulfate (SDS), 8% b-mercaptoethanol (bME), glycerol, and 0.02% bromphenol blue, and heated at 100°C for 10 min. To prepare nonreduced samples, bME was omitted from the loading buffer and samples were not heat-denatured prior to electrophoresis. Samples were separated on 4-15% gradient sodium dodecyl sulfate polyacrylamide (SDS-PAGE) gels (Biorad, Hercules, CA), then transferred to methanol-treated polyvinylidene fluoride (PVDF) membranes (Biorad, Hercules, CA) using a semi-dry blotting system. Membranes were blocked with 5% milk in Tris-Buffered Saline Tween-20 (TBST) (Biorad, Hercules, CA). Recombinant proteins or plasma purified GPx-3 was detected using a 1:250 dilution of the primary anti-V5 antibody or a 1:500 dilution of the primary monoclonal GPx-3 antibody (Abcam, Cambridge, MA) followed by a 1:1000 dilution of a secondary antimouse IgG HRP antibody (Sigma, St. Louis, MO). Actin was detected using an anti-actin antibody (Sigma, St. Louis, MO) at a 1:4000 dilution and a secondary anti-rabbit IgG HRP secondary antibody at a 1:2000 dilution (Cell Signaling, Danvers, MA). Positope was used as an anti-V5 primary antibody control (Invitrogen, Carlsbad, CA), while partially purified human plasma GPx-3 served as a positive control for the monoclonal anti-GPx-3 antibody (Abcam, Cambridge, MA).
Primary antibody incubation was performed overnight at 4°C, and secondary antibody incubation was performed for 1-1.5 h at room temperature. An ECL Plus Western Blotting Detection System was used for protein detection (GE Healthcare, Chalfont St. Giles, UK), membranes were exposed to Amersham Hyperfilm HCl (GE Healthcare, Chalfont St. Giles, UK), and the film was developed with an X-OMAT 2000A Processor (Kodak, Rochester, NY). Densitometry was performed with the VersaDoc 4000 Imaging System (Biorad, Hercules, CA).
Enzyme-linked immunosorbent assay
To develop an ELISA method for rGPx-3 detection, we used a His-tag antibody plate (Novagen, San Diego, CA) that contains an immobilized His-tag monoclonal antibody. In order to generate a standard for the His-tagged protein, the pcDNA 4/V5 Lac Z vector was transiently transfected in Cos7 cells, and recombinant Lac Z (rLacZ) in cell extracts was quantified by comparing recombinant b-galactosidase activity to that of a LacZ (Sigma, St. Louis, MO) standard. Since rLacZ contains an identical His-tag and V5 epitope as the rGPx-3, known quantities of rLacZ were used to standardize the molar quantity of rGPx-3. Briefly, rGPx-3 and rLacZ standards were added to the ELISA plate at 4°C overnight or at room temperature for 3 h. After hybridization, the plate was washed and a primary anti-V5-HRP antibody at a 1:500 dilution (Invitrogen, Carlsbad, CA) was added. After 1 h of antibody incubation at room temperature, the plate was washed and next incubated with 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB) (Calbiochem, San Diego, CA) to detect HRP activity. The reaction was stopped with 250 mM HCl and absorbance was measured at 450 nm wavelength using a Spectro Max 190 plate reader (Molecular Devices, Sunnyvale, CA).
Mass spectrometry
Purified rGPx-3 samples (p800 WT and p800 Cys mutant) were separated on 4-15% gradient SDS-PAGE gels, and fragments migrating at *30 kDa were excised from SDS-PAGE gels stained with Biosafe Coomassie Blue (Biorad, Hercules, CA) or with silver stain (Invitrogen, Carlsbad, CA). Excised samples were subjected to tryptic digestion, and the proteins were identified by matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (Dana Farber Mass Spectrometry Facility).
GPx activity assay GPx-3 activity was also determined using a commercially available kit for GPx-1 activity (Calbiochem, San Diego, CA). Activity was indirectly monitored spectrophotometrically by the reduction of glutathione disulfide (GSSG) recycled to reduced glutathione (GSH) by glutathione reductase using NADPH as a reducing agent. Enzymatic activity is quantitated by the change in NADPH absorbance at 340 nm over time.
In-gel activity assay
The in-gel activity assay uses reduced glutathione (GSH) and hydrogen peroxide to visualize a band of GPx activity in a polyacrylamide gel as described by Lin et al. [32] with modification. GPx-1 standards from bovine erythrocytes along with the sample of interest were run on a 4-15% SDS-PAGE gel. The gel was rinsed with 25% isopropanol in 10 mM Tris-HCl buffer (pH 7.9) for 10 min and then equilibrated in 50 mM Tris-HCl buffer (pH 7.9) for 15 min. The gel was then soaked in substrate solution containing 50 mM Tris-HCl buffer (pH 7.9), 13 mM GSH, and 0.007% t-butyl peroxide (t-BuOOH), for 15 min with gentle shaking and next rinsed with water. The gel was developed by gently shaking in the dark at room temperature for 10 min with a developing solution composed of 1.2 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide and 1.6 mM phenazine methosulfate. The gel was then rinsed with water until clear zones were observed on a purple background, the area of which is a measure of GPx activity. Activity was quantitated based on the density of the reversed image obtained from the Biorad, Hercules, CA, Versadoc scanner.
Amplex Red GPx-3 endpoint activity assay
The Amplex Red/GPx fluorometric endpoint assay is a variation of the GPx1 spectrophotometric activity assay (Calbiochem, San Diego, CA) and modified from the Amplex Red Catalase Assay Kit (Molecular Probes, Invitrogen, Carlsbad, CA 
-OOH/well were added to 42 ll standard or sample per well in a 96-well plate. Reaction mixes were incubated at room temperature for 5 min. After the initial incubation, 100 ll Amplex Red (10 mM) and 40 ll HRP (100 U/ml) in 19 reaction buffer were added to each well, and the plate was incubated in the dark at 37°C for 30 min. Fluorescence was measured at 530 nm (excitation) and 590 nm (emission) with the Spectro Max Gemini XPS fluorescent plate reader (Molecular Devices, Sunnyvale, CA). Fluorescence is inversely proportional to enzyme activity.
Statistics
Statistical analyses were performed using SigmaStat 3.01 (SPSS Inc, Chicago, IL). An unpaired, two-tailed Student's t-test was performed to compare two groups or individual treatment groups to their respective controls. One-way ANOVA followed by pair-wise analysis with the Student Newman-Keuls test was used to determine significant differences in experiments with multiple treatments.
Results
rGPx-3 transient and stable cell line generation
The low level of expression of selenoproteins and their unique translational mechanism render the regulation of their expression complex. Thus, we first sought to overexpress recombinant GPx-3 by cloning the human GPx-3 cDNA and its full length 3 0 -UTR containing the SECIS element into a pcDNA 4/V5 His C vector, the resulting construct denoted p800 WT rGPx-3. In addition, past studies on GPx-3 overexpression in cultured cells demonstrated GPx-3 detection with [
75 Se] based only on transient transfection of HEK293 cells [22] . For more quantitative detection of transient and permanent transfectants, we used a vector that contains a unique C-terminal 6xHis-tag and a V5 epitope. Various lengths of the 3 0 -UTR containing the SECIS element were also cloned into the GPx-3 construct and denoted by the approximate length (in base pairs) of the 3 0 -UTR (p100, p500). As Sec insertion at a UGA codon involves several translational cofactors, we also constructed a Sec73Cys mutant to compare the translational efficiency of Sec-containing versus Cys-containing constructs in this expression system. Table 1 summarizes the primers used for rGPx-3 generation, and Fig. 1 illustrates all constructs used.
In order to understand better the requirements for selenoprotein synthesis and selenocysteine incorporation in GPx-3, we generated stable cell lines for each of the constructs for large scale purification and characterization.
Avissar et al. showed that Caki-2, a human proximal tubule cell line, had greater levels of endogenous GPx-3 expression than several other cell types tested [15] . In our preliminary studies, stable cell lines established at first using Caki-2 cells showed very low rGPx-3 expression (data not shown). Transient transfection in Caki-2 and HepG2 resulted in detectable levels of rGPx-3 following His-Spin column purification. We found a consistently higher yield of rGPx-3 from the p800 Cys construct compared with the p800 WT construct in these cells. In order to enhance protein expression, Cos7 cells were used to overexpress the various recombinant GPx-3 proteins. We achieved successful transcription of rGPx-3 mRNA in both transiently and stably transfected Cos7 cells for all of the constructs used as detected by reverse transcriptase PCR (Fig. 2) .
Effects of 3
0 -UTR on rGPx-3 protein expression
To understand the role that the 3 0 -UTR has on rGPx-3 protein expression and secretion, Cos7 cells were transiently transfected with p100, p500, p800 WT, and p800 Cys constructs. Western blots using anti-V5 antibody detected rGPx-3 protein in media and lysates when Cos7 cells were transfected with the p500, p800 WT, and p800 Cys constructs (Fig. 3a) , and in media in stably transfected cells (data not shown). The truncated p500 construct allowed for expression of rGPx-3 at levels similar to the p800 WT; however, no rGPx-3 protein expression was observed when Cos7 cells were transfected with the p100 construct (Fig. 3a) . These findings are consistent with previous studies in our laboratory showing that the truncated 500 bp GPx-3 3 0 -UTR is sufficient to direct selenium-dependent translation (using a GPx-1 promoterdriven luciferase expression ''read-through'' assay) [33] .
His-tag ELISA detection confirmed these observations using anti-V5-HRP. The p100 construct did not produce any detectable rGPx-3 from Cos7 cells, while a similar amount of rGPx-3 was detected intracellularly and in the Fig. 1 Summary of recombinant GPx-3 constructs. Recombinant GPx-3 contains a human GPx-3 cDNA driven by a CMV promoter through a V5 epitope and His-tag. The constructs include: a rGPx-3 with full length 3 0 -UTR; b a Cys mutant (Sec73Cys) with a full length 3 0 -UTR; c rGPx-3 with a 500 bp 3 0 -UTR; d rGPx-3 with a 100 bp SECIS-only 3 0 -UTR fragment; e rLacZ control; and f an empty vector control 0 UTR on rGPx-3 Protein Expression. a SDS-PAGE and immunoblot of purified rGPx-3 constructs from the media and lysates of transiently transfected Cos7 cells detected by anti-V5 antibody. rLac Z was used as a His-Spin purification control, and actin was used as a loading control. The Western blot is representative of three separate experiments. b ELISA was used to quantitate protein expression directly for each non-purified secreted rGPx-3 form (P \ 0.03). Each bar represents the average of three experiments performed in duplicate, and values are given as mean ± SD media of transient transfectants using the p500 and p800 WT constructs. The p800 Cys mutant, in contrast, was expressed at levels nearly tenfold higher (Fig. 3b) than any Sec-containing species.
To determine whether the increased recovery of rGPx-3 with the Cys mutation was due to alterations in mRNA levels or improved translational efficiency, we developed a TaqMan-based assay to quantitate rGPx-3 transcripts from Cos7 cells and compared levels of rGPx-3 relative to p800 WT after normalization to endogenous G3PDH mRNA. Basal levels of rGPx-3 transcripts were similar in p800 WT and p800 Cys permanent transfectants (1.02 ± 0.11 vs. 1.06 ± 0.22) and also in transiently transfected cells (1.00 ± 0.5 for p800 WT vs. 1.27 ± 0.17 for p800 Cys). To determine whether there was a difference in mRNA stability between p800 WT and p800 Cys transcripts, we treated transfectants with actinomycin D and measured rGPx-3 mRNA over 8 h. There was no difference in the half-lives (*7 h) of the p800 WT and p800 Cys rGPx-3 transcripts (data not shown). These findings indicate that translational mechanisms account for the difference in rGPx-3 expression between p800 WT and p800 Cys transfectants as the amounts and stability of the rGPx-3 transcripts are the same in cells transfected with either of these constructs.
To confirm that the protein we isolated was GPx-3, bands of appropriate molecular size were excised from silver and Coomassie-stained SDS-PAGE gels and examined by mass spectrometry. Table 2 shows the specific peptides detected. Consistent with the greater amount of rGPx-3 isolated from p800 Cys than p800 WT transfectants, more peptides were identified by mass spectrometric analysis in the former than the latter. Similarly, more peptides were detected from the purified plasma GPx-3 owing to its greater abundance within the gel and possibly a reflection of its comparatively high abundance in plasma. Peptide coverage was *9, 22, and 50% for p800 WT, p800 Cys, and partially purified GPx-3 from plasma, respectively. These data confirm that the proteins we isolated are GPx-3.
Effects of selenium on rGPx-3 expression
To study further the determinants of rGPx-3 expression, we transiently transfected Cos7 cells with the p800 WT construct to examine the effects of selenium supplementation. First, cells were selenium-starved for 5 days, followed by addition of various concentrations of inorganic selenium (sodium selenite), or organified selenium (as seleno-L-methionine or Se-methylselenocysteine hydrochloride) at the time of transfection. qRT-PCR revealed no change in mRNA expression by selenium treatment with any of the compounds used (data not shown), suggesting that GPx-3 mRNA stability is not influenced by selenium levels in this system and that transcript stability is distinctly different for GPx-3 than GPx-1, the stability of which is reduced by selenium restriction, and similar to GPx4, which is not affected by selenium restriction [34] . ELISA quantitation showed that p800 WT rGPx-3 expression peaked at *145 nM sodium selenite, decreasing at higher concentrations (Fig. 4a) . Supplementation with either seleno-L-methionine or Se-methylselenocysteine also increased rGPx-3 expression; however, rGPx-3 protein expression appeared to plateau at *290 nM with Se-methylselenocysteine treatment, but showed a dose-dependent increase over the full range of concentrations used for seleno-L-methionine.
Effects of cofactors on rGPx-3 expression
To determine the effects of translational cofactors on p800 WT rGPx-3 expression, transient transfection of the p800 WT was performed together with transfection with cDNAs for the translational cofactors, SBP2, SelD, and tRNA sec in Cos7 cells. Recombinant mRNA was examined by qRT-PCR (data not shown), and cell media was examined by immunobloting (Fig. 4b, d ) and His-tag ELISA (Fig. 4c, e) . SBP2 co-transfection increased rGPx-3 expression 2.5-fold compared to the control vector (Fig. 4c) . Co-transfection with two cofactors also increased rGPx-3 expression in this system (Fig. 4e) .
When three cofactor cDNAs were transfected, there was no difference in rGPx-3 expression compared to no cofactor treatment (data not shown). Co-transfection of equivalent amounts of vector showed decreasing rGPx-3 with increasing amounts of empty vector, suggesting transfection competition among vectors. qRT-PCR showed no effect on GPx-3 mRNA expression with any of the translational cofactors tested (data not shown).
Non-reduced and reduced rGPx-3 forms
In order to ascertain the quaternary structure of rGPx-3, we examined the migration of non-denatured, non-reduced p800 WT and p800 Cys mutant from His-Gravi Trap large- scale purified stably transfected cell lines on SDS-PAGE gels. In these samples, Western blot analysis showed an approximate 112 kDa band and a 28 kDa band, presumably the homotetrameric and monomeric rGPx-3 forms, respectively, as detected with the anti-V5 antibody (Fig. 5a ). Heat-denaturation in the presence of bME eliminated quaternary structure, resulting only in bands of 28 kDa. In the partially purified plasma GPx-3, both the tetrameric (*88 kDa) and monomeric (*22 kDa) forms were detected in non-reduced samples (Fig. 5b) . The differences in the size of rGPx-3 compared to GPx-3 from plasma reflect the approximate size of both the V5 epitope and His-tag. Densitometry showed that there was an approximate 2.5-fold increase in the p800 Cys homotetrameric form compared to the p800 WT homotetrameric form when comparing the ratio of tetramer-to-monomer (Fig. 5c) . Additional bands may correspond to dimeric and trimeric forms in the non-denatured p800 Cys mutant preparation (Fig. 5a) [35] .
GPx-3 enzyme activity
In order to compare enzymatic activity of the p800 WT and p800 Cys mutant, we performed a spectrophotometric activity assay of large-scale His-Gravi Trap-purified rGPx-3 with GSH and t-BuOOH. The relationship between partially purified GPx3, rGPx-3 WT, and rGPx-3 Cys from Western blot band intensity and protein determinations was established to quantify rGPx-3 specific activity. The p800 WT protein showed approximately threefold greater specific activity than the p800 Cys mutant protein (Fig. 6a) . Partially purified plasma GPx-3 had similar specific activity as the rGPx-3 WT (data not shown).
In order to examine the tetrameric form of rGPx-3 WT and rGPx-3, we employed the in-gel assay where the activity of each form can be visualized for GPx activity. Both GSH and t-BuOOH were used as substrates to detect non-denatured reduced GPx-1 and GPx-3. GPx-1 from bovine erythrocytes showed activity of its tetrameric form at *100 kDa. rGPx-3 WT appeared to show modest activity at approximately the same size, but at a slightly greater size than that of the partially purified plasma GPx-3 (Fig. 6b) . The same size band did not appear in the p800 Cys and empty vector control lanes. A dilution of the partially purified form of GPx-3 from plasma (to concentrations equivalent to that of the most concentrated GPx-3 achieved) also showed modest and similar activity in the tetramer (Fig. 6c) .
In order to compare the effect of the role of reducing cofactors on the enzymatic activity of GPx-3, we developed a sensitive Amplex Red/GPx fluorometric endpoint assay to detect rGPx-3 activity from cell media and partially purified GPx-3 from human plasma. GPx-3 has a tenfold lower K m for GSH than GPx-1 [36] . GSH at 2, 20, 200, and 2,000 lM, as well as proposed alternative reducing cofactors, such as thioredoxin reductase (TR), thioredoxin (Trx), and glutaredoxin (Grx), were tested at concentrations based on earlier work from Bjornstedt et al. [37] (0.05, 2.5, and 2.5 lM, respectively). An examination of rGPx-3 activity demonstrates that the rGPx-3 WT form has significantly more activity than the rGPx-3 Cys mutant, confirming the less sensitive assays; the difference is approximately twofold, A B C Fig. 5 rGPx-3 and plasma GPx-3 forms. Western blot of His-Gravi Trap-purified rGPx-3 in Cos7 media were run on a SDS-PAGE gel under reducing and non-reducing conditions and compared to partially purified GPx-3 from human plasma. a rGPx-3 was detected using an anti-V5 antibody; b GPx-3 from human plasma was detected using a monoclonal GPx-3 antibody; and c densitometric ratio of tetrameric-to-monomeric forms of rGPx-3 and partially purified GPx-3 from plasma. The Western blot is representative of three separate experiments. Each bar represents the average densitometry of three experiments, with values given as mean ± SD which is similar to what was observed spectrophotometrically (Fig. 6d) . Partially purified plasma GPx-3 showed activity only with GSH at 2 mM GSH (Fig. 6e) , having none with TR, Trx, or Grx (data not shown).
Discussion
Selenoprotein expression, including GPx-3 regulation at the translational level, may be influenced by several factors, including: (a) mRNA stability, which may be affected by mRNA sequence and RNA binding proteins [38] ; (b) expression hierarchy of the selenoproteins [39] ; (c) the ability of the SECIS element to reinterpret the stop codon for Sec [40] , allowing for the completion of polypeptide translation; and (d) the cell or tissue type, and the celldependent availability of translational cofactors or selenium uptake mechanisms.
To study the contributors to GPx-3 expression, we relied on transient and/or stable transfection systems. This allowed us to analyze the contributions of the Sec codon, the 3 0 -UTR, as well as other factors, such as selenium and known translational cofactors, on GPx-3 expression. We found that stably transfected cell lines demonstrated lower expression of rGPx-3 in the media compared to transiently transfected cells, possibly influenced by the number of GPx-3 cDNA that may have integrated into the cellular genome. Owing to this finding, transiently transfected cells were used for some of our studies.
Human liver (HepG2 [15] , Hep3B [15, 41] ), human intestinal epithelial (Caco-2 [15, 41] shown to secrete endogenous GPx-3 [15] , and GPx-1 mRNA has been detected in HepG2 cells [41] . The human intestinal epithelial Caco-2 cell line was also shown to secrete endogenous GPx-3 [16] . Our study is the first to use Cos7 cells for production of the selenoprotein GPx-3. We have found that Cos7, Caki-2, and HepG2 cells all can support the expression of mature, secreted GPx-3; however, owing to the very low levels of expression in HepG2 and Caki-2 cells, we primarily used Cos7 in our studies. As shown in other studies, conversion of the Sec codon to a Cys codon resulted in increased (i.e., more efficient translation of) protein synthesis [42] [43] [44] [45] [46] [47] . Following transfection, we measured both rGPx-3 mRNA and protein. In this way, we could determine whether rGPx-3 expression was affected by factors influencing transcript levels or translational mechanisms. The lack of difference in mRNA levels and mRNA stability between the p800 WT and p800 Cys constructs suggests that GPx-3 expression is primarily regulated at the translational level in this system. The differences in protein expression between the p800 WT and p800 Cys mutant could be explained by the differences in the selenol and thiol forms of the protein. Selenoprotein synthesis may be limited by translational cofactors in the p800 WT; synthesis of the Sec73Cys mutant, however, does not require any special translational mechanism.
Adequate selenium is important for the formation of Sec on the tRNA sec . In selenium-starved cells, supplementation with inorganic selenium as well as organified forms of selenium, seleno-L-methionine and Se-methylselenocysteine, appears to enhance rGPx-3 protein expression. Seleno-L-methionine is also known to be incorporated in proteins in place of methionine [48] and must be metabolized to provide selenium exclusively for Sec incorporation into selenoproteins. Se-methylselenocysteine, in contrast, is not directly incorporated into proteins and, theoretically, is available exclusively for Sec incorporation [49] or can be rapidly excreted lowering the risk of oxidative toxicity associated with inorganic selenium (selenite) use.
The various responses to selenium treatment, particularly at higher concentrations of the selenocompounds, suggest that Cos7 cells may respond differently to different concentrations and different forms. High molar concentrations of sodium selenite may be cytotoxic, as selenite is a potent oxidant at these concentrations. Selenium deficiency is also cytotoxic in culture [50] . Zhong et al. demonstrated that excess sodium selenite induced apoptosis and cell cycle arrest after chronic exposure in human prostate cancer cells [51] . The same group demonstrated apoptosis by selenomethionine in the same cell lines [52] . In our cell system, the concentrations of selenium ranged from antioxidant levels to those found to be toxic or pro-oxidant. Each of the selenocompounds used had a unique effect on rGPx-3 production in this system. These findings may relate to differences in cellular uptake or metabolism of each compound.
The effects of selenium on mRNA and protein expression may be different in cultured cells than in tissues. Several studies have shown GPx-1 activity and transcript levels are sensitive to selenium deprivation [53, 54] ; however, the decrease in GPx-1 activity did not always coincide with alterations in transcript levels [15] . Another group found that selenium deficiency reduces serum GPx activity in rats, while kidney GPx-3 mRNA levels remain constant [55] .
In contrast, Reszka et al. showed that changes in GPx-3 mRNA levels in mouse fibrosarcoma cells were affected by culturing cells in low selenite conditions (levels as low as 1-5 ng Se/ml medium) [56] . These data suggest a low selenium range for optimal selenium expression for these particular cells. Based on our data, it is possible that Cos7 cells regulate selenium availability over a narrow range (levels such as 10-50 ng Se/ml) that affects translation but not mRNA stability. In the studies presented here, we also observed a dose-dependent increase of rGPx-3 expression in Cos7 cells after seleno-L-methionine and Se-methylselenocysteine treatment, suggesting that these compounds are also bioavailable for uptake into Cos7 cells. We are currently exploring the hierarchy of effects of selenium supplementation on GPx-3 and other selenoproteins in cell culture and in vivo systems.
Evidence on the regulation of selenoprotein synthesis is preliminary, and little is known about the efficiency of selenocysteine incorporation [24] . Additional translational cofactors have recently been shown to be important regulators of selenoprotein synthesis in eukaryotes, such as ribosomal protein L30 and nuclease sensitive binding protein 1 [57, 58] . Previous experiments in our laboratory showed that GPx-3 expression is affected by SBP2, EFsec, and tRNA sec [22] . Data presented here with the Sec translational cofactors demonstrate that SBP2 is important for optimal rGPx-3 expression in Cos7 cells. In contrast, Copeland et al. also demonstrated the importance of SBP2 in transfected rat hepatoma cells in vitro [26] , but no further enhancement was seen in rat hepatoma cells using a luciferase reporter system [59] . In other studies, tRNA sec was shown to affect Sec incorporation greatly [60] . The importance of SBP2 in GPx-3 expression was also shown in studies of human subjects who carry a mutation in SBP2. These individuals had decreased serum GPx-3 activity (13% of normal) and decreased serum selenoprotein P levels [61] , suggesting that SBP2 plays a direct role on GPx-3 and other selenoprotein expression in vivo. Interestingly, a recent study by Squires et al. provided further support for a hierarchy of selenoprotein synthesis. They demonstrated that SBP2 showed preferential binding to certain selenoprotein mRNAs and may play a key role in preventing nonsense-mediated decay [62] . The levels of GPx-3 mRNA were too low to be reliably quantified; however, GPx-3 was predicted to be susceptible to nonsense-mediated decay owing to the position of an intron near the UGA (Sec) codon [62] .
Our laboratory has also previously shown a trend toward increased expression of GPx-3 using SelD and tRNA sec [22] in human Caki-2 cells; however, these cofactors did not augment rGPx-3 protein levels when compared to SBP2 co-transfection alone in Cos7 cells. Several factors may influence these differences, including endogenous levels of expression of these factors or other differential features of these model systems.
Regulation of Sec incorporation at a UGA also requires the presence of the SECIS element in the 3 0 UTR of the transcript. Several studies have demonstrated that a 3 0 UTR from a selenocysteine gene is sufficient to promote selenocysteine incorporation in a heterologous protein containing a UGA in the open reading frame [63, 64] . These and other studies have defined sequence and structural characteristics of the stem-loop structure that are required for a functional SECIS element [65, 66] . For the rat type I deoidinase [66] , rat thioredoxin reductase [67] , and phospholipid hydroperoxide glutathione peroxidase [68] , minimal functional SECIS elements of 45, 59 , and 82 nt have been defined. We found, however, that a 100 nt piece overlapping the entire stem-loop-SECIS element of the human GPx-3 was insufficient for UGA-read-through in our cell system.
The formation of the tetrameric and monomeric rGPx-3 forms under non-reduced conditions suggests a potential limitation with the synthesis, processing, and formation of the tetramer that may affect its net enzymatic activity. GPx-3 is thought to exist primarily as a tetramer in plasma. It is possible that dimeric and monomeric forms may contribute to GPx-3 activity; however, the tetramer is considered the active form of the enzyme [35] . In purifying rGPx-3 from media, we found that a greater proportion was monomeric rather than tetrameric compared with the purified plasma form. It is not clear whether this difference is due to the expression system (V5/His-tag, the low levels of GPx-3 produced) or the purification process. Alternatively, the cell type may not have provided all the necessary factors for optimal translational conditions and tetramer assembly. Another possibility is that in vivo plasma kinetics may differ for the monomeric and tetrameric forms such that the monomeric form is preferentially removed from the circulation. While a barely detectable monomeric form still existed under non-reducing conditions in partially purified GPx-3 from plasma, rGPx-3 in our system was principally monomeric. A putative GPx-3 crystal structure suggests that two asymmetric units form a tetramer [35] ; GPx-4 is the only known GPx family member that functions as monomer. It would be interesting to understand further if and how quaternary structure influences activity; data presented here, however, suggest that specific activity is not influenced significantly by quaternary structure, as specific activity of the rGPx-3 was similar to that of partially purified human plasma GPx-3.
Conventional spectrophotometric and Amplex Red rGPx-3 activity measurements show differences in catalytic activities between a Sec-containing and Cys-containing GPx-3 active site likely as a consequence of the Sec representing the more catalytically active form based on differences in its pKa 5.2 for a selenol and compared with the pKa of a thiol (8.5) [69] . Based on the Amplex Red assay, partially purified plasma GPx-3 reduced t-BuOOH with only 2 mM GSH and not at physiological extracellular GSH concentrations. One study has shown purified GPx-3 may utilize other substrates such as TR, Trx, and Grx [37] in the physiological range. In our hands, neither TR or TRx or Grx had any effect as reducing substrates.
We determined the k cat /K m of a purified GPx-3 to be approximately 1.8 9 10
8 M -1 s -1 using GSH as a substrate, suggesting a catalytically efficient enzyme. Previous kinetic assays suggest plasma GPx-3 has a tenfold weaker (i.e., lower) affinity for the substrate (K m of 5.3) [36] than for GSH than cellular GPx-1 due to two less GSH binding sites [35] , with a specific activity of *20-26 U/mg of protein [31] , suggesting extracellular GSH concentrations cannot provide the necessary reducing equivalents for plasma GPx-3 activity. Theoretically, GPx-3's secretion into plasma and other extracellular fluids suggest it may function as an antioxidant in the extracellular environment. Thus far, GPx-3 has only been demonstrated to act as a peroxidase in lung lining fluid where the concentration of GSH is significantly higher than in plasma [70] ; however, the concentration of GPx-3 is higher in plasma than in epithelial lining fluid [71] .
It has been suggested that GPx-3 may not function as a glutathione peroxidase, but as a TRx peroxidase since it reacted with a higher affinity using reducing equivalents from the thioredoxin system [37] in in vitro assays. The crystal structure of GPx-3 shows a thioredoxin fold [35] similar to other enzymes like Trx and Grx [72] and, yet, GPx-3 may be less reactive toward H 2 O 2 than GPx-1 owing to the fact that GPx-3 has two less GSH binding sites than GPx-1 [35] . Trx has been suggested to be a more effective electron donor for SelP [73] . Since TR, Trx, and Grx are found in the extracellular compartment and protein disulfide isomerase, TR and Trx are also found on the cell surface [74] [75] [76] [77] , it may be possible that the major extracellular selenoproteins, GPx-3 and SelP, work with these or other unknown reducing equivalents found on or near the cell membrane that may have effluxed from the intracellular compartment [78] to produce effective peroxidase activity in that microenvironment. Future studies are needed to address this issue.
